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Abstract  
Silicon oxycarbide (SiOC) glasses in the form of thin, dense, and crack‐free samples were fabricated 
according to the polymer pyrolysis route starting from cross‐ linked polysiloxane. The amount of free 
carbon in the final SiOC materials was varied in the range 18‐60 vol%. The mechanical properties of the 
SiOC glasses were measured by nanoindentaion technique and revealed that both the Young's modulus 
and the hardness decrease with increase in the free carbon content and follow a simple rule of mixtures 
model. 
 
 
1 | INTRODUCTION  
The anionic modification of silica glass with trifunctional N and tetrafunctional C atoms leads to the 
formation of silicon oxynitride, and silicon oxycarbide (SiOC), glasses. In both cases the substitution of 
divalent O atoms with a trivalent N or tetravalent C atoms increases the network connectivity with a 
corresponding increase in viscosity, elastic modulus, and hardness.1–3 Contrary to the oxynitrides, which 
are formed by a homogeneous amorphous network and are generally obtained from melting, SiOCs are 
produced through a pyrolysis process and have a more complex nanostructure consisting of a disordered 
SiOC network and a free carbon phase.4–6 The disordered network is built‐up by mixed Si units sharing 
bonds simultaneously with O and C atoms and can be described by the formula: SiCxO2(1−x), 0 ≤ x ≤ 1 in 
which “x” is the amount of substituted C. Accordingly, the composition of the SiOC glasses is usually 
reported as: SiCxO2(1−x) + yCfree. 7,8 A sketch of the SiOC nanostructure is shown in Figure 1. The 
properties of SiOC glasses depend on both the amount of substituted carbon, that is, the “x” value in the 
SiCxO2(1−x) formula, and the amount “y” of free carbon with respect to each SiOC composition. For 
example, SiOC glasses with negligible amount of free carbon, that is, y = 0, are transparent to visible light9 
and behave as electrical insulators10 while those with y > 0 are black and their electrical conductivity 
increases with increasing the free carbon content.11,12 In our earlier study, the mechanical properties 
such as Young's modulus (E) and the hardness (H) of SiOC glasses (without free carbon, ie, y = 0) were 
reported as a function of the substituted C, and we found that both the properties increase with the 
amount of C bonded to Si, which was in agreement with the expectations based on topological 
considerations.13 In particular, the Young's modulus increases up to 110 ± 6 GPa (Esilica glass = 70 GPa) 
and the hardness up to 9.3 ± 0.4 GPa (HVsilica glass = 6 GPa) for a material with a composition 
SiC0.37O1.25 and y ≈ 0. On the other hand, the role of free carbon on the mechanical properties of SiOC 
glasses has not yet been reported in the literature and this could be of significant importance for many 
potential technological applications. For example, when the SiOCs are used as anodes for lithium ion 
batteries14,15 the volume expansion/contraction associated to the charging/discharging cycles can result 
in mechanical damage, which is dependent on the Young's modulus of the anodic materials. Indeed, it has 
been observed that the charging/discharging capacity of C‐poor SiOCs degrades faster with the number 
of cycles than the C‐rich SiOCs. This phenomenon has been tentatively ascribed to a lower elastic modulus 
of C‐rich samples compared with C‐poor ones, without Young's modulus measurements of the samples.16 
In this study, we investigate the variation in the elastic modulus and the hardness of polymer‐derived SiOC 
glasses from C‐poor to C‐rich samples. As the properties of SiOC glasses are also dependent on the amount 
of substitute carbon, we prepared and tested samples having a SiOC networks, SiCxO2(1−x) with similar 
composition.  
 
2 | EXPERIMENTAL  
2.1 | Synthesis of the samples  
The preceramic samples were obtained by crosslinking a linear siloxane containing Si–H moieties with a 
vinyl‐containing crosslinker via a platinum‐catalyzed hydrosilylation reaction.17 
Poly(hydridomethylsiloxane) (PHMS, MW 1900, CAS Number: 63148‐57‐2; Gelest, Morrisville, PA), 
1,3,5,7‐tetravinyl‐1,3,5,7‐tetramethylcyclotetrasiloxane (TVTMS, MW 345, CAS Number: CAS No: 2554‐
06‐5; Gelest), and divinylbenzene (DVB, CAS: 1321‐74‐0; Sigma‐Aldrich, St. Louis, MO) were used as 
received. Platinum divinyltetramethyldisiloxane complex, ∼Pt 2% in xylene (CAS number: 68478‐92‐2; 
Sigma‐Aldrich) was further diluted to 0.1% before using. The reagents, PHMS, TVTMS or DVB and the Pt 
catalyst (always 100 μL for 1 g of PHMS) were mixed and stirred for 5 minutes before pouring the liquid 
on a Mylard film and letting it for setting. Accordingly, transparent polymeric films with a thickness in the 
range 100‐200 μm were obtained and cut into discs of ∼10 mm in diameter. The preceramic films were 
pyrolyzed in Ar flow (200 cm3 /min) up to 1200°C with 1 hour holding time using an alumina tubular 
furnace (Lindberg/Blue, Asheville, NC). SiOC samples with low amount of free carbon were obtained by 
crosslinking PHMS with TVTMS while for C‐rich composition PHMS was crosslinked with DVB (Table 1). C 
and Si contents of the SiOC films were analyzed by Mikroanalytisches Labor Pascher (Remagen‐Bandorf, 
Germany). Carbon was analyzed based on combustion techniques while silicon was measured using 
inductively coupled plasma atomic emission spectroscopy. Oxygen was evaluated as difference to 100%. 
Bulk density was measured with the Archimede method in distilled water. N2 physisorption 
measurements were performed with an ASAP 2010 Micromeritics instrument (Micromeritics, Norcross, 
GA). Scanning Electron Microscopy (SEM) pictures were taken from freshly fracture surfaces previously 
coated with a thin gold film using a JEOL JSM 5500 (JEOL, Tokyo, Japan) equipment operating at 10‐15 kV. 
2.2 | Nanoindentation tests  
Silicon oxycarbide glass thin films obtained from the pyrolysis process were not perfectly flat and smooth 
enough to obtain reliable nanoindentation data. Thus, the samples were embedded in resin and polished 
using diamond suspensions down to 0.25 μm particle size, to obtain flat and low roughness mirror finished 
surface. The samples blocks were fixed on the aluminum stubs that are inserted in to the sample holder 
of the nanoindenation machine (iNano; Nanomechanics, Inc, nanomechanics, Oak Ridge, TN). Tests were 
performed at two different locations on each sample surface to accommodate for possible 
heterogeneities across the surface and 12 indentations in an array 4 × 3 (with a spacing of 20 μm in each 
direction) were performed at each location. The indentations were performed using a Berkovich indenter 
and a load of 40 mN. The reduced modulus of the samples was estimated using the software that is based 
on the standard procedure described in Oliver‐Pharr.18 The Poisson ratio of the studied SiOC glasses, 
which is required to estimate the Young's modulus according to the Oliver‐Pharr model, is not available 
in literature. However, Poisson ratios of silica glass and of a SiOC glass having a composition of SiC0.2O1.6 
+ 0.6Cfree are reported to be 0.15 and 0.11, respectively.3,19 Consequently, we used an average value of 
Poisson ratio of 0.13 in the calculation of Young's modulus. It is worth mentioning that a ±0.02 difference 
in the Poisson ratio would change the corresponding Young's modulus values < 1%. 
 
3 | RESULTS AND DISCUSSION  
Figure 2 shows the typical cured resin samples and the corresponding SiOC glass obtained after pyrolysis 
at 1200°C in N2 flow. After pyrolysis the samples showed shrinkage in the range 22%‐29% depending on 
the amount of TVTMS or DVB used in the synthesis (Table 2). The samples obtained using TVTMS as 
crosslinker, containing the lowest amount of free carbon after pyrolysis, were the ones which showed the 
highest tendency to crack. In contrast, the samples with high amount of DVB lead easily to un‐ cracked, 
monolithic SiOC discs. The microstructural features of the SiOC samples were investigated by SEM. 
Accordingly, the SiOC samples have been fractured and the fracture surfaces were examined in search for 
a possible presence of porosity. SEM images reported in Figure 3 refer to SiOC‐1 and SiOC‐4 samples, 
however, they are representative of all the studied materials. The SEM investigation reveals a dense, pore‐
free glass with a typical glassy fracture surface and characteristic twist hackle features. In order to 
investigate the presence of smaller, micro‐meso‐pores a N2 physisorption analysis was also performed 
which showed, for all samples, flat adsorption/desorption isotherms typical of non‐porous materials 
therefore confirming the formation of dense, pore‐free SiOC glasses. Table 2 reports the bulk density, 
pyrolysis shrinkage, and the results of chemical analysis measured on the SiOC glass samples. In the same 
table the composition of the SiOC glasses is also reported as SiCxO2(1−x) + yCfree together with the vol% 
of the two components. In order to express the composition of the SiOC samples as vol% of the 
SiCxO2(1−x) amorphous network and of the Cfree, the density of the two phases has to be estimated. In 
the literature, the density of SiCxO2(1−x) glassy phase with x = 0.37 has been reported in the range 2.3‐
2.4 g/cm313,20 while for pyrolythic carbon obtained from a phenol formaldehyde resin pyrolyzed at 
1000°C the reported density is 1.45‐1.55 g/cm3 . 21,22 Accordingly, we decided to estimate the vol% of 
the two phases assuming density values for the amorphous SiOC and Cfree as 2.35 and 1.5 g/ cm3 , 
respectively. The chemical composition of the amorphous phases indicates that the SiCxO2(1−x) network 
in the studied samples has similar C content in the range ∼0.4‐0.5 while the free carbon content spans 
from a minimum of ~18 vol% up to a maximum of ~60 vol%. Typical force‐depth curves from the 
nanoindentation were reported and they showed good repeatability (Figure 4). The results also show that 
with a load of 40 mN, the observed depth of penetration is in the order of ~0.5 μm. The Young's modulus 
and the hardness values obtained from the nanoindentation experiments are reported in Table 3 and 
plotted in Figure 5 as a function of the vol % of free carbon present in each sample. Note that in the fits 
of Figure 4 we are neglecting the influences of the amount of carbon bonded to silicon, that is, the x value 
in the SiCxO2(1−x) formula, on E and H due to its limited range (0.38‐0.5). Moreover, in the literature 
there are no data reporting the elastic modulus and hardness of SiOC glasses having similar compositions. 
The most important result, which clearly emerges from the nanoindentation data, is that both, the elastic 
modulus and the hardness decrease with increase in the volumetric fraction of free carbon. In both the 
cases these two properties show a linear relationship with the vol% of free carbon suggesting that the 
nanocomposite follows reasonably well a simple rule of mixtures. By extrapolating the linear fit to zero 
percent of free carbon, the Young's modulus of the “pure” SiCxO2(1−x) x = ∼0.4‐0.5 is found to be ∼117 
GPa, in good agreement with the Young's modulus values measured on SiOC glasses with negligible 
amount of free carbon and x = 0.37.13 The same fit extrapolated to 100% free carbon estimates an elastic 
modulus value of the free carbon phase ∼63 GPa which is higher than the value reported for carbon 
materials derived from pyrolysis of organic resins, which is ∼40 GPa.21,23 The lower elastic modulus that 
the high‐C samples display compared with the low‐C ones could help in rationalizing the experimental 
evidence of the lower tendency to crack during pyrolysis shown by the high‐C samples. Similar 
experimental evidence was also reported on C‐rich SiC derived from polycarbosilane.12 Accordingly, we 
consider that cracks during pyrolysis are generated from the development of stresses related to non‐
uniform shrinkage of the samples and they are proportional to the elastic modulus. Because the elastic 
modulus of the high‐C content SiOC is up to 35% lower than the low‐C content SiOC, it is reasonable to 
suggest that the high‐C samples can be more easily pyrolyzed into a crack‐free component due to their 
lower elastic modulus which prevents the formation of high stresses. Extrapolation of the hardness fit to 
zero and 100% free carbon leads to values of 12.1 and 6 GPa, respectively. While the estimated value for 
the SiOC glass without free carbon (12.1 GPa) is slightly above the typical values reported in the literature 
(∼10 GPa), the hardness of the free carbon phase matched closely with the reported values (H = 5.5‐6.0 
GPa23). We have observed that the E/H ratio is ∼10 for all the SiOC compositions, independently from 
the amount of free C. According to Rouxel,24 glasses with E/H = 10 and with Poisson ratio lower than 0.19 
should behave, under Vickers indentation, as “anomalous glasses” like silica with the formation of 
ring/cone cracks instead of the radial/median cracks which forms in “normal” soda‐lime glasses. In an 
earlier study, it was reported that pure SiCxO2(1−x) glasses with y ≈ 0 show anomalous behavior, that is, 
formation of Hertzian cone cracks during Vickers indentation, for low amount of substituted carbon and 
low pyrolysis temperature, while increasing these two parameters induce the transition from anomalous 
to normal behavior.20 The study of the Vickers indentation of SiOC glasses as a function of the free carbon 
content will be the subject of a next research. 
 
4 | CONCLUSIONS  
Silicon oxycarbide glasses with increasing amount of free C, from 18 up to 60 vol%, have been synthesized 
in the form of thin, dense SiOC films and characterized by nanoindentation to evaluate the Young's 
modulus and the hardness. Our results show that both the elastic modulus and the hardness decrease 
with increase in the free carbon content and they followed a simple rule of mixtures. In particular the 
elastic modulus decrease linearly from ~106 to ~80 GPa when the C‐free content increases from ~18 vol% 
to ~60 vol%. In the same Cfree content range the hardness decreased from ~11 to ~8 GPa.  
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